Aims/hypothesis Enterovirus infections have long been suspected to be environmental factors that may cause type 1 diabetes, but the pathways leading from infection to beta cell destruction are still unknown. We therefore examined whether enterovirus infection of human islets leads to upregulation of interferon-γ-inducible protein (IP-10, now known as chemokine [C-X-C motif] ligand 10 [CXCL10]), a chemokine important for the induction of insulitis. Methods Isolated human islets were infected with three different strains of Coxsackie B4 virus. IP-10 expression and secretion from the infected human islets were then measured using RT-PCR and ELISA at several time points. Results IP-10 was clearly upregulated in and secreted from human islets during enterovirus infection. This was demonstrated with three different strains of Coxsackie B4 virus, two of which are lytic to islets and one which is non-lytic and can establish a persistent infection in human islets. Conclusions/interpretation We propose that enterovirusinduced upregulation of IP-10 during infection of the islets in vivo is the first step towards destructive insulitis. Our findings support the idea that enterovirus infection triggers immune-mediated beta cell destruction, and for the first time suggest a possible mechanism behind enterovirusinduced diabetes.
Introduction
Enterovirus infection is believed to be an environmental factor in type 1 diabetes pathogenesis, but the sequence of events from virus infection to beta cell destruction remains unclear. Recent evidence suggests that viral induction of cytokines and chemokines promoting insulitis could be an important link between virus infections and type 1 diabetes [1] .
Enteroviruses belong to the picornavirus family of small non-enveloped RNA viruses. The enterovirus group includes the Coxsackie A and Coxsackie B (CBV) viruses, echoviruses and polioviruses, as well as several numbered enteroviruses. Their normal route of infection is via the gastrointestinal tract and they frequently cause asymptom-atic infections or mild febrile illness associated with upper respiratory tract symptoms. In some cases, however, the virus can spread to secondary sites of replication in different organs and cause more severe diseases such as poliomyelitis, meningitis and myocarditis [2] .
Enterovirus infections with different serotypes have frequently been detected in association with the appearance of autoantibodies in subjects with a high genetic risk for type 1 diabetes and at the clinical onset of type 1 diabetes in various studies [3] [4] [5] [6] [7] [8] [9] [10] . This suggests not only that enteroviruses are involved in type 1 diabetes pathogenesis, but also that individual strains of many different serotypes may share diabetogenic properties. Enterovirus RNA has also been detected by in situ hybridisation solely in the pancreatic islets of some type 1 diabetes patients in a post mortem study [11] , clearly indicating that islet cells can be infected by these viruses. There are also some cases where enterovirus isolates from newly diagnosed type 1 diabetes patients have been capable of inducing hyperglycaemia in mice [12, 13] .
The properties that may enable a virus to cause or precipitate type 1 diabetes have not yet been determined, but several hypotheses have been suggested. A virus infection of the islets might cause direct beta cell damage through virus-induced cytolysis. This is the outcome with most enterovirus strains when human islets are infected in culture [14, 15] . Under certain conditions, enterovirus infections of islet cells can also proceed without cell lysis in vitro [16, 17] . This suggests that some enteroviruses might establish persistent infections in islets in vivo. In the long-term, enteroviral persistence in beta cells might impair beta cell function or increase the immunogenicity of beta cell antigens. In addition, both lytic and non-lytic enterovirus infections might promote beta cell damage by inducing cytotoxic proinflammatory cytokines and chemokine expression in the islets [18, 19] . An enterovirus infection might thus stimulate immune cell infiltration of the islets in vivo, thereby facilitating immune-mediated beta cell damage.
The chemokine interferon-γ-inducible protein (IP-10), now known as chemokine (C-X-C motif) ligand 10 (CXCL10), acts via a single receptor, chemokine (C-X-C motif) receptor 3 (CXCR3), attracting activated type 1 T-cells, natural killer cells and monocytes [20] . This chemokine has been implicated in several immunoinflammatory and autoimmune diseases. For example, serum concentrations of IP-10 have been found to be elevated in type 1 diabetes patients at onset [21, 22] and in autoantibody-positive relatives compared with healthy control subjects [22] . Recent evidence from the rat insulin promotor-lymphocytic choriomeningitis virus mouse model of virus-induced diabetes supports the hypothesis that virus-induced production of chemokines in the pancreatic islets could be involved in inducing insulitis and T-cellmediated destruction of beta cells in type 1 diabetes. The CXCR3-chemokine IP-10 (CXCL10) was found to be the key mediator in this process [23, 24] .
The aim of the present study was to measure the expression and secretion of IP-10 from cultured human pancreatic islets before and after infection with enterovirus. The effects of enterovirus infection on human islets in culture have been found to differ depending on the infecting virus strain [14] . This study therefore compared islets infected with three different strains of CBV-4. All three virus strains (V89 4557, VD2921 and E2) have previously been used for the study of virus replication in human islets, and their effects range from no islet destruction (VD2921) to severe islet destruction within a week of infection (V89 4557 and E2) [14, 17] .
Materials and methods

Cell culture
Human pancreata were procured from heart-beating organ donors at transplantation units in Sweden, Norway, Finland and Denmark. The pancreatic islets were then isolated in Uppsala, Sweden, by an automated method [25] and cultured in 90-mm dishes for 3 to 7 days in 10 ml RPMI supplemented with 10% human serum, before the experiments were performed. Islets were obtained from 20 different donors, nine women and 11 men with a mean age of 55T10 (range 30-74) years and a mean BMI of 26T6 (range 21-46) kg/m 2 . The mean ischaemia time before islet isolation was 10T4 (range 3-16) h. As a quality control, the insulin responsiveness of islets from 12 donors was assessed by glucose challenge using a dynamic perifusion system, as previously described [18] . The mean stimulation index, calculated as the ratio of the insulin released during high glucose to the insulin released during low glucose, was 14T12 (range 3-36). For the virus infections, islets were cultured in numbers of 50 to 300 per well in nonattach six-well plates in RPMI supplemented with 10% fetal bovine serum. Each experiment comprised virusinfected islets and uninfected control islets from the same donor. Green Monkey Kidney (GMK) cells were used for tissue culture infectious dose-50 (TCID 50 ) titrations and were cultured in 96-well culture plates (Nunc) in Eagle_s Minimum Essential Medium (SVA, Uppsala, Sweden), supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA). This study was approved by the ethics committee of the Medical Faculty at Uppsala University. Written informed consent was obtained from all donors or their next of kin.
Virus inoculations
Three CBV-4 strains were used to infect the isolated human islets. Two of the strains were originally plaque-purified from isolates from aseptic meningitis patients (VD2921, V89 4557). These two virus strains have previously been used to study the frequency of infections with different CBV-4 strains in type 1 diabetic patients [26, 27] , as well as to study the effects of CBV-4 infection on isolated human islets [14] . The VD2921 strain causes a non-lytic infection in human islet cells in vitro and does not affect beta cell function up to 7 days post inoculation (p.i.) [17] . The V89 4557 strain causes a lytic infection in human islets in vitro and impairs the glucose-stimulated insulin response of beta cells 3 to 5 days p.i. [14] . The third CBV-4 strain, the E2 strain, was also originally plaque-purified from a patient with generalised Coxsackie virus infection and has been shown to infect islet cells in mice [28] . This strain also causes a lytic infection in human islets, but the degree of damage is less severe than with the V89 4557 strain [14] . Virus (10 4 -10 5 TCID 50 in 0.2 ml) was added to the islets together with 1 ml RPMI culture medium containing 5.5 mmol/l glucose (SVA) and supplemented with L-glutamine and 10% fetal bovine serum. Islets to be used as uninfected controls were incubated with 1 ml of culture medium without virus. After incubation for 1 h at 37-C, 2 ml of culture medium were added and 0.4 ml samples of the culture medium were withdrawn from infected and uninfected islet cultures. Samples (0.4 ml) of culture medium were collected every day for virus titrations and measurements of IP-10 for the duration of the experiments.
Exposure of islets to inactivated virus
Virus suspensions of CBV-4 VD2921 and CBV-4 V89 4557 were inactivated by exposure to ultraviolet (UV) light for 60 min or by incubation at 56-C for 60 min. Groups of islets were then inoculated, as described above, with the heat-or UV-inactivated virus. As controls, islets were inoculated with non-treated virus and some were left uninfected. Islets and culture medium samples were collected on day 0, day 1 and day 3 for IP-10 measurements and virus titrations.
Virus titrations
Quantification of virus was performed by TCID 50 titrations of the samples of culture medium collected from infected islet cell cultures on days 0, 1, 3 and 6 p.i. Briefly, the medium samples were diluted stepwise (from 10 j1 to 10 j6 ) and each dilution was added in triplicate to GMK cells in 96-well plates. After 7 days, the appearance of typical enterovirus-induced cytopathic effects on the GMK cells were observed using a light microscope. The TCID 50 -titre for each unknown sample was determined as the reciprocal of the highest dilution of the sample able to induce cytopathic effects in 50% of inoculated GMK cultures.
IP-10 and beta-actin mRNA detection by RT-PCR
We collected 50 islets from uninfected or infected cultures for RNA isolation on days 0, 1, 2 and 4 p.i. The islets were first washed in PBS and then frozen in 30 μl RNA later (Qiagen, Hilden, Germany) at j70-C. Total RNA was extracted by RNeasy mini kit (Qiagen). The cDNA was prepared from 0.5 μl of RNA template in a total volume of 20 μl, using oligo-(dT) [12] [13] [14] [15] [16] [17] [18] primers (Invitrogen, Carlsbad, CA, USA) and Sensiscript cDNA kit (Qiagen). The cDNA reaction was carried out at 42-C for 1 h. PCR was performed on 2 μl of cDNA using a PCR kit (HotStarTaq; Qiagen). Separate PCR reactions were used to detect expression of human IP-10 and of the control gene human beta-actin. The specific primers (Operon Biotechnologies, Cologne, Germany), lengths of amplified PCR products and annealing temperatures are listed in Table 1 of the Electronic supplementary material. The human beta-actin primers were designed using the on-line Primer-3 software program [29] . The PCR cycling conditions were 95-C for 15 min, 33 cycles of 94-C for 45 s, 53-C or 55-C for 45 s, 72-C for 1 min followed by a final extension at 72-C for 10 min. The amplified PCR fragments were visualised on a 1.4% agarose gel containing ethidium bromide.
IP-10 protein detection by ELISA
We collected 50 islets from uninfected or infected cultures for IP-10 protein measurements on days 0, 1, 3, 4 and 6 p.i. The islets were washed, resuspended in 300 μl PBS and stored at j20-C. Before the IP-10 protein measurements, the islets were exposed to UV-light for 30 min to inactivate virus, and then sonicated. Samples of culture medium collected from the same cultures at the indicated time points were also exposed to UV-light before the measurements of IP-10 protein. Human IP-10 protein was measured by ELISA (Human IP-10 Cytoscreen; Biosource, Nivelles, Belgium) with a lowest detection limit of <2.0 pg/ml.
Statistical analysis
IP-10 protein content as well as IP-10 secretion from virusinfected islets were compared with matched uninfected islets using Wilcoxon signed ranks test. The Friedman test was used to compare the groups in the UV-inactivation experiments. A p value of less than 0.05 was considered statistically significant.
Results
Virus replication
The mean changes in virus titres from day 0 to days 1, 3 or 4 to 6 are shown in Tables 1 and 2 . In some cases the virus titres decreased slightly from day 0 to day 1, but titres increased again until days 3 and 6 in these experiments, demonstrating virus replication. There was no virus replication in islets inoculated with the UV-treated VD2921 strain or with the heat-inactivated virus strains. The UV-treated V89 4557 strain, however, was not completely inactivated, despite the fact that the UVtreatment had reduced the virus titres in the inoculum of the V89 4557 strain from 10 4 TCID 50 to undetectable levels. The mean virus titres of the UV-treated V89 4557 were 0 logTCID 50 on day 0 and increased to 1.4 logTCID 50 on day 3 (n=4).
IP-10 and beta-actin mRNA expression in virus-infected islets
Increased amounts of IP-10 mRNA were detected by RT-PCR on days 1 and 2 after infection in virus-infected human islets compared with uninfected control islets with all three virus strains ( Fig. 1 ; E2 strain (n=1) not shown). Islets from six donors were used for mRNA analysis and only one donor showed a different response (donor H590). Islets from this donor (H590) expressed IP-10 mRNA in the uninfected control islets as well as in the infected islets on day 1. The beta-actin mRNA levels did not change after virus infection (Fig. 1) . Analysis of IP-10 mRNA expression on day 4 was performed in one experiment (donor H586, VD2921), and showed that strong upregulation of IP-10 in virus-infected compared with uninfected islets also occurred on day 4.
IP-10 protein content in virus-infected islets
Measurements of IP-10 protein confirmed that IP-10 was upregulated in virus-infected human islets compared with the uninfected controls ( Table 1 ). The IP-10 concentrations were higher in V89 4557-infected islets on days 1 and 3 after infection (p<0.05, Wilcoxon signed ranks test) than in the controls. In VD2921-infected islets the difference was not statistically significant compared with uninfected islets until day 3 (p<0.05).
IP-10 protein release from virus-infected human islets IP-10 protein was released into the culture medium as early as the first 24 h of infection with the lytic V89 4557 strain (p<0.05) ( Table 2 ). The islets infected with the non-lytic VD2921 strain showed a tendency toward increased IP-10 release on day 1 compared with controls, but this did not reach statistical significance (p=0.06). Measurements performed on days 3 and 4 to 6, however, showed that both virus strains clearly induced a release of IP-10 from the islets (p<0.05) ( Table 2) .
IP-10 induction by inactivated virus
Heat-inactivated virus did not induce any release (n=3) or expression (n=2) of IP-10 in islets on day 1 or day 3 (data not shown). The UV-inactivated VD2921 strain, which did not replicate at all, also failed to induce IP-10 expression or release ( Table 3 ). The UV-treated V89 4557 strain, which was not completely inactivated, induced some expression and release of IP-10 from islets on day 3, but to a significantly lower degree than untreated virus (p<0.05) ( Table 3) .
Discussion
CBV-4 infection of isolated human pancreatic islet cells induced an upregulation of IP-10 mRNA and IP-10 protein Results are presented as medians (range) from islets infected with the V89 4557 or VD2921 strain and from uninfected islets from the same donors. Mean virus titre changes from day 0 are also shown. *p<0.05, Wilcoxon signed ranks test expression, leading to secretion of IP-10 into the culture medium. Virus that had been completely inactivated by heat or UV-treatment was unable to induce IP-10, suggesting a mechanism of induction dependent on virus replication.
All three CBV-4 strains were capable of inducing IP-10 mRNA expression one day after infection and IP-10 protein production was confirmed in VD2921 and V89 4557-infected islets. Virus-induced release of IP-10 was detectable from day 1, but was most evident at the later time points (days 3-6). Some variation was seen between experiments regarding the level and timing of IP-10 induction after virus inoculation, but this was probably due to donor differences. The genetic background and the cause of death of the donor may have affected both the degree of IP-10 response and the susceptibility to virus infection. In our study, IP-10 was shown to be upregulated at the mRNA level up to 4 days after virus infection in human islets, which can be compared with the transient induction up to 24 or 48 h that has been found in other cell culture studies [30, 31] . The comparatively long upregulation in human islets may be explained by the growth pattern of the cells, i.e. the fact that even in vitro not all cells of an islet are exposed to the virus at once. If new cells are being gradually infected, IP-10 induction in new cells may also be gradual. If only a proportion of the islet cells are infected at one time, this could also explain why virus titre increases are sometimes difficult to detect in the culture medium from islet cultures.
In the present study we showed that several strains of CBV-4, the VD2921 strain, which does not destroy islets [17] , as well as the islet-cell-lytic strains E2 and V89 4557 [14] , share the ability to induce IP-10. A previous microarray study of isolated human islets has shown an upregulation of IP-10, among other chemokines, at the mRNA level 48 h after inoculation with the prototype strain of CBV-5 [19] , a finding that is in agreement with ours. In our study, we also extended the measurement of IP-10 expression to several time points and found that virusinduced IP-10 can be detected in islets from day 1 to day 4 post infection. In addition, we showed that IP-10 protein is RT-PCR analysis was performed before infection (day 0), 24 h after infection (day 1) and 48 h after infection (day 2) synthesised and secreted from the islets. It was important to verify this, because, in other cell systems, picornaviruses are known to shut off host cell (cap-dependent) translation in the infected cell [32] . There is also evidence that enteroviral proteins 2B and 3A can block the secretion of certain proteins from the infected cell [33] [34] [35] . The results from the UV-inactivation experiments suggest that the mechanism of induction of IP-10 in islets is dependent on virus replication. We clearly showed that UV-inactivated virus failed to induce the same IP-10 response in islets as untreated virus. It has been suggested that intracellular recognition of double-stranded RNA, which is a product formed during enterovirus replication, provides a strong signal for chemokine production [31] . Although the cell type in the human islets responsible for IP-10 production during enterovirus infection has not been identified, it is conceivable that beta cells as well as other islet cell types targeted by the virus contribute to this process. Rat beta cells [36] have been shown to produce IP-10 after exposure to cytokines and many cell types, including primary human airway epithelial cells [31] and primary murine astrocytes [30] , respond to picornavirus infection by producing IP-10. Based on our observation that replication-incompetent virus was unable to induce expression of IP-10, the major determinant of IP-10 production is probably the tropism of the virus. Enteroviruses have been shown to infect several cell types in human islets, including beta cells and alpha cells [17, 37] , strongly implicating these as potential sources of IP-10 production during enterovirus infection. However, contributions from other cell types such as islet endothelial cells cannot be excluded.
It seems very likely that the upregulation of IP-10 in vivo upon enterovirus infection of islets, would attract T-lymphocytes to the islets. This would contribute to insulitis and possibly to immune-mediated damage. Induction of IP-10 in the islets has been found to play an important role in the initiation of insulitis in the rat insulin promotor-lymphocytic choriomeningitis virus mouse model of virus-induced diabetes, where it leads to attraction of type 1 cytotoxic T-cells and T-helper-1 cells, natural killer cells and monocytes [23, 24] .
In summary, this is the first study that has shown that infection of human islets with enterovirus can induce production and secretion of IP-10, a chemokine that plays a prominent role in the induction of insulitis and has also been detected at elevated concentrations in the serum of newly diagnosed type 1 diabetic patients and high-risk relatives [22] . Together, these findings provide additional support for the hypothesis that enterovirus infections might cause type 1 diabetes. Our results also provide a possible mechanism for explaining how enterovirus infections might trigger this disease. The IP-10 increase was calculated from day 0 to day 1 or day 3. Results are presented as medians (range). *p<0.05 for difference compared with all other groups, Friedman test
